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INTRODUCTION
The analysis of the Main Injector dipole rhagnet coil is undertaken to find the
stresses internal to the coil at various stages of the coils life. The suspicion is that
epoxy stresses are high when the coil is under power and that fatigue will cause
failure of the coil during cycling over a long period of time. Finite element modeling
is employed to solve this problem. Hand calculations of deflections are offered to
gauge that the FEA results are not erroneous. The maximum tensile strength of
epoxy (without glass) is at room temperature between 5000 and 6000 psi. Fatigue
data has not been found for epoxy and glass-epoxy systems but will eventually be
used to predict if stress levels are high enough to cause epoxy failure.

MODEL STRUCTURE AND ASSUMPTIONS
* ONE QUARTER OF THE COIL IS MODELED IN 2-D DUE TO PLANES OF
SYMMETRY

* DISPLACEMENT RESTRAINTS ARE PLACED ON THE COIL WHERE IT WOULD
OTHERWISE MEET MORE COIL

* DISPLACEMENT RESTRAINTS ARE ALSO PLACED WHERE THE CURED COIL IS
FASTENED TO THE IRON BY ADHESIVE WHERE APPLICABLE.

ELEMENTS PROPERTIES
* FOR COPPER:
MODULUS OF ELASTICITY=17.0E06 psi
COEFF OF THERMAL EXPAN.= 9.8E-06 in/in°F
POISSONS RATIO =.377 »
THERMAL CONDUCTIVITY=67680 btu in/sec in2

* FOR EPOXY:

MODULUS OF ELASTICITY=1.5E5 psi

COEFF OF THERMAL EXPAN.= 3.3E-05 in/in°F
POISSONS RATIO =.34

THERMAL CONDUCTIVITY=261 btu¢in/sec in2
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FOUR MAJOR LOAD CASES AND THREE STRESS STATES ARE
DEFINED AS FOLLOWS

CASE 1:CURING THE COIL AT 250°F AND COOLING TO ROOM TEMPERATURE
* NODAL DISPLACEMENT RESTRAINTS ARE PLACED IN THE X ON THE X=125.0"
AND IN THE Y DIRECTION ON THE Y = 0.0" '
* NODAL TEMPERATURES ARE SPECIFIED AT 72 ° F STARTING FROM A
REFERENCE TEMPERATURE OF 250 ° F (TOFFSET WAS 460°).

CASE 2:COOLING THE COIL WITH WATER
* NODAL DISPLACEMENT RESTRAINTS ARE PLACED IN THE X ON THE X=125.0"
AND Y ON THE Y = 0.0", NODAL DISPLACEMENT RESTRAINTS IN UY ARE PLACED
ON BOUNDARY NODES BETWEEN X = 110.0" AND X - 125.0" TO SIMULATE
ADHESIVE, X DISPLACEMENTS ARE FREE AT THESE NODES TO DISABLE
SHEAR LOADING.
* NODAL TEMPERATURES ARE SPECIFIED AT 48 ° F STARTING FROM A
REFERENCE TEMPERATURE OF 72 ° F (TOFFSET WAS 460°).

CASE 3:COIL UNDER POWER 9500 AMPS (COLD WATER SUPPLY TO INNER TURN)
¢ NODAL DISPLACEMENT RESTRAINTS ARE PLACED IN THE X ON THE X=125.0"
AND Y ON THE Y = 0.0", NODAL DISPLACEMENT RESTRAINTS IN UY ARE PLACED
ON BOUNDARY NODES BETWEEN X = 110.0" AND X - 125.0" TO SIMULATE
ADHESIVE, X DISPLACEMENTS ARE FREE AT THESE NODES TO DISABLE
SHEAR LOADING.
* NODAL TEMPERATURES ARE SPECIFIED AS UNIQUE TEMPERATURES
STARTING FROM A REFERENCE TEMPERATURE OF 48 ° F (TOFFSET WAS 460°).
THE INDIVIDUAL COIL TEMPERATURES ARE 71.6°F, 74.8°F, 84.7°F,93.2°F
(INNER TO OUTER). THE TEMPERATURES ARE GENERATED FROM
MEASUREMENTS OF COIL TEMPERATURES FROM AN ACTUAL 9500 AMPS( COLD
TO INNER) TEST WITH TEMPERATURES NOT VARYING WITH COIL LENGTH.
THERMAL SOLUTION GENERATES EPOXY TEMPERATURE DISTRIBUTION WHICH
IS INPUT TO STRESS SOLUTION.

CASE 5:COIL UNDER POWER 9500 AMPS (COLD WATER SUPPLY TO OUTER TURN)
* SAME BOUNDARY CONDITIONS AS CASE 3



* THE INDIVIDUAL COIL TEMPERATURES ARE 77.7°F , 83.1°F, 94.1°F, 98.6°F
(INNER TO OUTER). THE TEMPERATURES ARE FROM COIL MEASUREMENTS
FROM A 9500 AMPS (COLD TO OUTER) TEST. TEMPERATURES AGAIN NOT
VARYING WITH COIL LENGTH. THERMAL SOLUTION GENERATES EPOXY
TEMPERATURE DISTRIBUTION WHICH IS INPUT TO STRESS SOLUTION.

STEP 12: IS SIMPLY A SUMMATION OF CASES 1 AND 2
PHYSICALLY THE SUMMATION REPRESENTS THE STRESS STATE OF THE COIL

BEFORE POWER HAS BEEN APPLIED.

STEP 123: IS THE SUMMATION OF CASES 1,2 AND 3
IT REPRESENTS THE STRESS STATE OF THE COIL UNDER OPERATION WHEN
COOLING WATER IS SUPPLIED TO THE INNER TURNS FIRST

STEP 125: IS THE SUMMATION OF CASES 1,2 AND 5
PHYSICALLY, IT REPRESENTS THE STRESS STATE OF THE COIL UNDER POWER
OF 9500 AMPS WHEN THE COOLING WATER IS SUPPLIED TO THE OUTER TURNS
FIRST.

DEFLECTION RESULTS

A comparison of hand calculations, measurements and Ansys results yields this table.
CASE/COMPONENT ANSYS RESULT

CURING UX -0.219 -0.22 N/A
CURING UY -0.019 -0.023 N/A
COOL DOWN UX -0.030 -0.030 N/A
COOL DOWN UY -0.003 -0.0029 N/A
UNDER POWER UX (CTI) 0.041 _ 0.041 .042
UNDER POWER UY (CT]) 0.0034 0.0048 N/A
UNDER POWER UX (CTO) 0.050 0.050 .038
UNDER POWER UY (CTO) 0.004 0.0041 N/A
TOTAL UX -211 -.213 N/A
TOTAL UY -.0175 -.024 N/A

Negative resuts are contractions and positive are extensions.



STRESS RESULTS ;

Since there are many cumbersome plots to sift through, the stress results have
been plotted for various points of interest. The first point of interest is at the turn. The
first point taken lies in the epoxy between the inner turn and third turn at a 135° angle
from the x axis. The second point lies on the same angle and between the outer turn
and second turn. The next points of interest are at the f:oint where the coil is first
fastened to the steel with adhesive. Both epoxy points lie on the exterior of the coil, one
on the outer turn, one at the inner turn. The last points are taken at the long straight
section about 25" away from the turn section. The outside point is taken between the
outer and 2nd turn, the inside point is taken between the inner and 3rd turn. The plots
show the addition of stress as you increment through the load cases. In each case, the
epoxy starts out stress free at 250° F and undergoes each of the load steps. Sketches of
the points appears below.
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FIGURE 3: POINTS OF INTEREST FOR TABULAR DATA
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THE MECHANISMS AT WORK

Stress produced on the coil section is due to four major mechanisms

» difference of coefficients of thermal expansion in the composite straight section
¢ difference of coefficients of thermal expansion in the composite turn section

¢ thermal deflection in turns at different temperatures

¢ thermal deflection in the adjacent cross section

OTHER MODELS
There where small models done to understand the behavior of the coil.

CASE 6:LONG STRAIGHT SECTION OF COIL
This model was done to find the effect of different coefficients of thermal expansion
between epoxy and copper. It showed only this effect which turned out to be a
uniform 618 psi tensile stress in epoxy and a 120 psi compressive stress to the
copper.

CASE 7:FULL MODEL W/LONG STRAIGHT & TURN EPOXY REMOVED
This model was intended to show bending stress in the long straight section due to
short end epoxy and copper contraction. The model showed a bending stress of 36
psi on outer turn and 44 psi on the inner turn copper.

CASE 8:MODEL OF TURN ELEMENTS ONLY W/TEMPERATURE DROP FROM 250 DEG

FTO 72DEGF
This model show the bending stress developed due to differential contraction
between copper and epoxy. generally speaking the copper wants to deflect .0017"
radially and the epoxy only wants to deflect 0.0007” so must be compressed by the
copper. This compression generates an amount of unsatisfied tangential deflection
in each of the copper layers. The unsatisfied tangential deflection produces bending
forces and a bending moment which is tensile to the outer and 2nd tum long
straight section and compressive on the 3rd and inner turn of the long straight
section. The magnitude of the bending stress is about 2075 psi tensile/2170 psi
compressive to the copper straight section. Note that the long straight sections are
not in this model but the goal of this model is to find the effect the turn has upon
the long straight section.



CASE 9:MODEL OF TURN ELEMENTS ONLY W/TEMPERATURE RISE FROM 48 DEG F

TO STEP TEMPERATURES REFLECTING THE COLD WATER TO INNER TURN CASE
This model shows the bending stress developed due to differential contraction
between copper and epoxy and the effect of different coil temperatures. The turn
again develops bending loads and bending stress which is tensile on the outer and
2nd turn straight sections and compressive on the 3rd and inner turn straight
section. The magnitude is 890 psi tensile to long straight section and 612
compressive to long straight section. Again, the long straight sections are not in
this model but the goal of this model is to find the effect the turn has upon the long
straight section.

CASE 10:MODEL OF TURN ELEMENTS ONLY W/TEMPERATURE RISE FROM 48 DEG

F TO STEP TEMPERATURES REFLECTING THE COLD WATER TO OUTER TURN CASE
This model shows the bending stress due differential temperatures and coefficients
of thermal expansion. The effect is reversed in this case with a bending stress being
developed which compressive to the outer turns of the coil and tensile to the inner
turns. Again this is due to unsatisfied tangential deflection caused by the effect of
epoxy and copper radial deflection mismatch. The epoxy always wants to deflect
less than the copper and must be forced to its final position thus generating the
internal stresses which "hold up" copper deflection and generates the tangential
deflection deficit. The magnitude of the stress is 1340 psi tensile to outer long
straight section copper and 1360 psi compressive to long straight section copper.



OVERALL RESULTS:
The maximum numerical stress occurs in STEP 12 at the point where the epoxy is
fastened to the steel with adhesive. It was 900 psi in the x direction. A good
argument can be made that the boundary conditions are not representative of the
real coil because the joint is in reality primarily a shear joint on the top and bottom
of the coil not the sides as modeled. Also, the thickness of the adhesive has not
been taken into account which would have the effect of lowering this stress
concentration by providing a more compliant joint. The model results are
conservative and not significantly higher than other stresses which are considered
to be accurately modeled so no further effort will be taken to remodel the analysis.

The next highest stress state, ignoring the adhesive joint, occurs in the turn
section of STEP 12 and is 756 psi tangential stress. Generally speaking, the epoxy
in a coil at room temperature has a prestress of 620 psi tensile from which it either
unloads or loads. The maximum increase in load in the epoxy normal to the coil
cross section would be 156 psi and the maximum unload would be -160 psi or a
state of 756 psi and 440 psi respectively. The radial stress developed at the inside
in the turns has a maximum 400 psi for STEP 123 and a minimum of -280 psi in
STEP 125, built upon a room temperature preload of 131 psi. The straight section
epoxy stress normal to the cross section lies in the range of 525 psi to 633 psi
throughout all the load steps.

To sum up, the highest epoxy stress state found was 900 psi in the adhesive
joint area in the center of the coil which is well below the 6000 psi tensile limit.
Loads were found to be transmitted by normal stress in the adjacent straight
sections, not shear stress as was originally assumed. The turns generate a bending
stress for the straight sections which must bow in response. The stress state of the
epoxy generally is dominated by the normal stress preload which exists after curing.



INDEX TO PLOTS

PLOT 1 THRU 4:

PLOT 5 THRU 13:

PLOT 14 THRU 21:

PLOT 22 THRU 23:

PLOT 24 THRU 25:

PLOT 26:

PLOT 27 THRU 30:
PLOT 31 THRU 34:
PLOT 35 THRU 39:

TEMPERATURE PROFILES OF STEPS 1,2,3 &5

EPOXY STRESS SR(SX IN RSYS 11), ST (SY IN RSYS 11), SX,
SY, UX, UY OF POINTS OF INTEREST IN STEP 123 (COLD TO
INNER)

EPOXY STRESS SR(SX IN RSYS 11), ST (SY IN RSYS 11), SX,
SY. UX, UY OF POINTS OF INTEREST IN STEP 125 (COLD TO
OUTER)

EPOXY STRESS SX AND SY FOR STEP 12 CURING AND
COOLING CASE COMBINED. SHOWS MAXIMUM STRESS IN
ALL CASES., '

STRESS IN X DUE TO DIFFERENT COEFFICIENTS OF
THERMAL CONTRACTION.

BENDING STRESS DUE TO END EPOXY AND COPPER
CONTRACTION

TURN ONLY MODEL 250 DEG F TO 72 DEG F

TURN ONLY MODEL 48 DEG F TO STEP COLD TO INNER
TURN ONLY MODEL 48 DEG F TO STEP COLD TO OUTER
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